Abstract: The human HSPC280 protein belongs to a new family of low molecular weight proteins, which is only present in eukaryotes, and is absent in fungi. The solution structure of HSPC280 was determined using multidimensional NMR spectroscopy. The overall structure consists of three ahelices and four antiparallel b-strands and has a winged helix-like fold. However, HEPC280 is not a typical DNA-binding winged helix protein in that it lacks DNA-binding activity. Unlike most wingedhelix proteins, HSPC280 has an unusually long 13-residue (P62-V74) wing 1 loop connecting the b3 and b4 strands of the protein. Molecules of HSPC280 have a positively charged surface on one side and a negatively charged surface on the other side of the protein structure. Comparisons with the C-terminal 80-residue domain of proteins in the Abra family reveal a conserved hydrophobic groove in the HSPC280 family, which may allow HSPC280 to interact with other proteins.
Introduction
The human HSPC280 protein is encoded by the C6ORF115 gene, which was first cloned from human fetal liver and CD34þ stem cells. There are two possible ORFs in the gene: one gives a protein of 134 amino acids, whereas the other codes for a smaller protein of 81 amino acids. Several proteomic studies have confirmed that HSPC280 is a small protein of 81 amino acids in vivo and that its first methionine residue is acetylated. 1 There is no functional or structural information available for HSPC280. However, HSPC280 is readily detected by proteomic analyses in human tissues or cells such as plasma, [1] [2] [3] intestinal epithelial cells, of the early gene expression profile during spinal cord regeneration in the salamander, C6ORF115 was upregulated from Day 5 after tail amputation along with many other genes associated with cell cycle regulation, suggesting that the HSPC280 protein may play a role in cell proliferation. A: Multiple sequence alignment of proteins from the HSPC280 and Abra families. The alignment was generated by MAFFT and edited manually. The sequence length for each protein is shown. Conserved residues in both families are shaded in green. Residues conserved in individual families are shaded in purple for HSPC280 and yellow for Abra, respectively. Secondary structural elements (letter ''H'' stands for a-helix, whereas ''S'' for b-strand) are indicated according to the HSPC280 structure determined here. Residues forming conserved hydrophobic and hydrophilic patches on the protein surface are marked by solid yellow and solid purple circles, respectively. B: A stereo-view of the superimposition of the 20 lowest-energy structures. C: Hydrophobic interactions in HSPC280. The protein orientation is the same as in (B). D: Electrostatic surface of HSPC280 calculated with Adaptive Poisson-Boltzmann Solver. In the lower panel, positively and negatively charged surfaces are colored blue and red, respectively. In the upper panel, the ribbon diagrams indicate the respective protein orientations. Contour levels are set to À3.0 kT/ e (red) and þ3.0 kT/e (blue). E: Hydrophobic and hydrophilic surface patches conserved between HSPC280 and the Abra family.
The conserved hydrophobic and hydrophilic surfaces are colored in orange and purple, respectively, in the HSPC280 structure. Residues contributing to these surface patches are labeled. The protein is in a similar orientation as that in (D), left panel.
A blast search using the HSPC280 sequence revealed that HSPC280 belongs to a new family of low molecular weight proteins which exists only in eukaryotes but is not present in fungi. The sequences of HSPC280 are highly conserved among different species [ Fig. 1(A) ]. Here, we report the solution structure of human HSPC280 showing that HSPC280 has a winged helix-like fold with an unusually long wing 1 and a very short wing 2. Three a-helices form a globular, three-helix cluster, which is packed against an antiparallel four-stranded b-sheet. NMR-titration with DNA and (electrophoretic mobility shift assay) EMSA experiments demonstrated that HSPC280 is not a typical winged-helix protein. Nevertheless, the conserved hydrophobic groove on the protein surface of the HSPC280 family may confer HSPC280 with physiological functions different from other wingedhelix proteins.
Results and Discussion
The structure of HSPC280 adopts a winged helix fold
The structure of HSPC280 was determined in aqueous solution at pH 4.4 using a hetero-nuclear multidimensional NMR method. The protein construct encompasses 81 residues and has a His-tag stretch of eight residues at the C-terminus. Backbone resonance assignments were obtained for nearly all residues, with the exception of one proline and five residues in two loop regions, which showed no resonance signals in the 2D 1 H-15 N HSQC spectrum (Supporting Information, Fig. S1 ). A superposition of the 20 lowest energy HSPC280 structures is shown in Figure 1 (B) and illustrates a well-determined winged helix-like fold. PROCHECK-NMR analysis indicated that the NMR structures of HSPC280 have a good backbone conformational regularity for 89.4% of all residues in the most favored regions. The detailed structure statistics and PROCHECK-NMR analysis are given in Table I . The overall structure of HSPC280 comprises three a-helices (a1:V3-L17, a2:F30-A40, and a3:L46-R56) and four b-strands (b1:G18-K20, b2:G24-K29, b3:V59-Y61, and b4:D75-L78) in the canonical order a1-b1-b2-a2-a3-b3-b4. Strands b2 and b3 are antiparallel to b1 and b4 forming an antiparallel 4-stranded b-sheet (b1:, b2;, b4:, b3;), and helices a1, a2, and a3 construct a three-helix cluster [ Fig. 1(B) ]. A fiveresidue loop (N41-A45) links helices a2 and a3 (L a2a3 ) while K57 and I58 link helix a3 to strand b3 (L a3b3 ). Residues V7, L10, V11, I14, and L17 from helix a1, residues F30, G31, V32, L33, and F34 from helix a2, and residues L46, L50, A52, and A53 from helix a3 in the three-helix cluster are engaged in hydrophobic interactions with residue V28 in strand b2, residues V59 and Y61 in strand b3, and residues I76 and L78 in strand b4 and residue I58 in L a3b3
[ Fig. 1(C) ]. The hydrophobic interactions should generate stable packing of the three a-helices against the antiparallel b-strands b2, b3, and b4. A 13-residue loop (P62-V74) between strands b3 and b4 is referred to as the first wing (wing 1), whereas the three C-terminal residues after strand b4 are referred to as the second wing (wing 2). Five saltbridges were identified between different secondary structural elements using distance cutoffs of 4.0 Å . They are K29NZ-D75OD between strands b2 and b4, D4OD-R56NH between helices a2 and a3, K54NZ-E64OE and K51NZ-E64OE between helix a3 and the N-terminal of wing 1, and K29NZ-D73OD between strand b2 and the C-terminal of wing 1. Unlike most winged-helix proteins, HSPC280 has an unusually long wing 1 similar to that in the wingedhelix domains of HSF 13, 14 and TFE/TFIIA, 15 and a very short wing 2. Because the primary sequence of HSPC280 has very little similarity to any known winged-helix proteins or domains, it is possible that HSPC280 represents a new class of winged-helix proteins.
The HSPC280 molecule has a unique electrostatic surface. The basic residues K51-X-X-K54-R55-R56 at the C-terminal of helix a3, together with K57 in loop L a3b3 , form a positively-charged surface on one side of the protein [lower left panel of Fig. 1(D) ]. The acidic residues, D4, E6, E12, and E13 from helix a1, D36 from helix a2, and E44 in loop L a2a3 are distributed on the opposite side of HSPC280, forming a negatively charged surface [lower right panel of Fig.  1(D) ], rendering HSPC280 a mildly acidic protein with a theoretical isoelectric point (Ip) of 5.8. The charge characteristics of the protein surface may attribute HSPC280 with a physiological function that is different from other winged-helix proteins.
To determine whether the HSPC280 structure is similar to that of known winged-helix structures, we submitted the HSPC280 atomic coordinates to the DALI server. 16 Structure-based homology analysis with DALI revealed hundreds of proteins or domains having winged-helix folds with Z-scores larger than 4.0. Among them, a putative transcriptional regulator protein from Pseudomonas aeruginosa (PDB code: 2HR3) had the highest DALI score (7.4) and an rmsd of 2.3 Å over 64 C a atoms. Many of the other most closely related structures are transcriptional regulators from the MarR family involved in the development of antibiotic resistance (PDB codes: 2HR3, 3BPV, 2PFB, and 3ECO). The key structural feature of MarR-type proteins is that they are dimeric because of the interaction of the additional helices which flank the winged-helix DNA-binding core. 17 The sequence of HSPC280 shows little identity with other winged-helix proteins revealed by DALI analysis despite their resemblance in structure [ Fig.  2(A) ]. Structure-based alignment of their sequences showed that only the hydrophobic residues inside the structural core of the winged-helix fold are conserved, whereas the residues on the protein surface vary significantly [ Fig. 2(A,B) ]. Because HSPC280 most closely resembles proteins from the MarR family, we compared the structure of HSPC280 with OhrR, a member of the MarR family, which interacts with DNA (PDB code: 1Z9C). The rmsd between these two proteins is 2.9 Å over 63 C a atoms. OhrR binds DNA through its recognition helix at the major groove and its basic wing at the minor groove. Almost all the residues of OhrR involved in its contact with DNA are absent in HSPC280 [ Fig. 2(A,C) ], suggesting that HSPC280, unlike other winged-helix proteins from the MarR family, is unlikely to bind DNA.
HSPC280 is not a typical winged-helix protein
The winged-helix fold is very often found in transcription factors and is responsible for binding with specific DNA sequences. DNA-binding winged-helix proteins often interact with DNA by insertion of helix a3, also called the ''recognition helix,'' into the major groove of DNA, and through contact between one or both of the wings of the protein and the ribose-phosphate backbone and/or minor groove of DNA. Typical examples of such proteins are HNF3c, 18 the E2F-4 fragment, 19 and genesis. 20 Their DNA binding sites are continuous positively charged surfaces due to the basic residues on helix a3 and the wings. In the case of FREAC-11 (forkhead related activator 11), also known as S12, 21 DNA binding occurs mainly by insertion of helix a3 into the major groove of the DNA, along with the interaction of wing 2 with the ribose-phosphate backbone. In contrast, the face of helix a3 of the eukaryotic transcription factor RFX1 22 is neutral, and a cluster of the basic residues is present on wing 1. Wing 1 of RFX1 binds to the major groove of DNA, while only one side-chain of the helix a3 has contact with the minor groove of DNA. Moreover, sequence stretches of the loop preceding helix a3 and wing 1, showing high internal mobility, have been shown to be important for DNA recognition/interaction in forkhead transcription factors. [23] [24] [25] In the structure of HSPC280, the basic residues K51-X-X-K54-R55-R56 of helix a3 together with K57 in loop L a3b3 form a continuous positively charged surface [left panel of Fig. 1(D Fig. S2 ). This was also reflected by very weak or unobservable amide signals for residues F43-E44-A45-L46 from loop L a2a3 preceding helix 3 and residues L66-L67, G69, and H71 from wing 1 in the 2D 1 H-15 N HSQC spectrum of HSPC280 (Supporting Information Fig. S1 ). In addition, the structure determined for HSPC280 also showed a lack of backbone coordinate precision in these two structural regions [ Fig. 1(B) ]. In line with these structural similarities to nucleic acid-interacting proteins, it is possible that HSPC280 interacts with nucleic acids. However, unlike typical winged-helix proteins, wing 1 of HSPC280 carries three negatively charged (E64, D72, and D73) but only one positively (H71) charged residue. Moreover, the groove between helix a3, wing 1 and helix a2, which accommodates the DNA backbone in typical DNA-binding winged-helix proteins, is hydrophobic in nature. Hydrophobic sidechains of residues F30 and F34 from helix a2; L46, V47, G48, L50 from helix a3; and G63, L65, L66, and L67 from wing 1 provide most of the hydrophobicity of this groove in HSPC280. These structural properties make it unlikely that HSPC280 binds DNA like a typical DNA-binding winged helix protein, despite some features that seem to suggest this.
To detect whether HSPC280 interacts with DNA, we obtained 2D 1 H-15 N HSQC spectra for HSPC280 in the presence and absence of DNA at pH 7.0 and 4.4. The 2D 1 H-15 N HSQC spectra of HSPC280 with and without DNA obtained at pH 7.0 and 4.4 showed no explicit signal shifting (Supporting Information Fig. S3 ), suggesting that HSPC280 cannot interact with DNA. However, specific/nonspecific interactions with DNA have been detected for most winged-helix proteins at pH > 7.0. It is likely that the negatively and positively polarized electrostatic surfaces [ Fig. 1(D) ] may influence the interaction between HSPC280 and DNA, since the charge characteristics of the protein surface affect the electrostatic interaction with the ribose-phosphate backbone of DNA. In addition, to test whether HSPC280 binds to nucleic acids in vitro, an EMSA was carried out with recombinant HSPC280 using single and double-stranded DNA and RNA. However, no significant binding of HSPC280 to DNA or RNA could be detected. Therefore, HSPC280 is not a typical DNA-binding winged-helix protein.
Interestingly, a sequence search revealed a protein family named Abra (also known as Stars) whose C-terminal portion (last 80 residues) shows 30% protein sequence identity with HSPC280 [ Fig. 1(A) ], suggesting that the C-terminal portion of Abra can fold into a single HSPC280-like domain. Abra is a muscle-specific actin-binding protein capable of stimulating SRF-dependent transcription by a mechanism involving RhoA and actin polymerization 26 and is also involved in human skeletal muscle hypertrophy and atrophy. 27 It might be essential for fluid shear stress-induced arteriogenesis. 28 As is well known, human Abra is a protein of 384 amino acids and its C-terminal 142 residues are responsible for F-actin binding. Deletion of the last 80 residues of Abra abolishes its F-actin binding ability. 26 It seems the winged-helix domain of Abra should thus be involved in the F-actin binding ability. Based on this information, we performed an in vitro F-actin binding assay for HSPC280 and failed to detect such a binding event (Supporting Information Fig. S4 ). Nevertheless, many hydrophobic residues are conserved between HSPC280 and the Abra (last 80 residues) family [ Fig. 1(A) ]. Some of the conserved hydrophobic residues (V7, L10, I14, G31, L33, L50, and A53) of HSPC280 are involved in hydrophobic interactions inside the winged-helix structural core, and some other hydrophobic conserved residues are clustered on the surface of the protein. Conserved residues F30 and F34 in helix a2 and residues L46, V47, and G48 in helix a3 are clustered together with conserved residues L65, L66, and L67 in wing 1 on the protein surface forming a hydrophobic surface patch coincident with the groove between wing 1 and helices a3 and a2, possibly allowing HSPC280 to interact with other proteins. In addition, the conserved hydrophilic residues, K54 and R55 from helix a3 and E64 in wing 1 form a hydrophilic surface patch which is located on the side where the hydrophobic conserved patch is located on the protein [ Fig.  1(E) ]. These conserved surface patches may serve as sites for the interaction of HSPC280 with other proteins and may have some functional role.
Materials and Methods

Protein expression and purification
The C6ORF115 gene was amplified from a human liver cDNA library and cloned into the pET-22a expression vector between the NdeI and XhoI restriction sites. The resulting construct contained eight additional residues at the C-terminus (LEHHHHHHH) that facilitate protein purification. Cells were grown at 37 C until an OD 600 of 0.7 and then induced with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) for 3 h at 37 C. The protein was then purified on a metal chelating column (GE healthcare) followed by gel filtration (Sephedex G50). The purified protein was dialyzed against distilled water or 100 mM NH 4 HCO 3 and then lyophilized and stored at À80 C.
The recombinant HSPC280 was not stable during NMR data collection, possibly because of the existence of a cysteine residue (Cys39) which may be exposed to solvent. To obtain high quality NMR spectra, the cysteine at sequence position 39 was replaced by serine. The C39S-mutant HSPC280 ([C39S]HSPC280) was purified in the same manner as native HSPC280. N NOE experiments, a delay of 6 s was followed by 1 H saturation for 3 s, while the saturation period was replaced by a delay of 9 s in the control experiment. The two experiments were run in an interleaved manner. The NOE values were calculated from the ratios of the peak intensities with and without proton saturation. R 1 and R 2 relaxation rates were determined by fitting peak intensities of the spectra acquired at various relaxation delay times to an exponential decay function, I/I 0 ¼ exp(ÀR 1 , 2 t), where I 0 is the intensity at t ¼ 0 and I is the intensity after a time delay t.
To explore the interactions between HSPC280 and DNA, a new construct in which the His-tag was removed was obtained. 2D 
Structure calculation
The initial structure of HSPC280 was generated using the CANDID module of CYANA. 31 NOE assignments from CANDID were checked manually. Hundred and thirty seven backbone dihedral angle restraints obtained from chemical shift data using the program TALOS 32 were used in the initial structure calculation. Sixty four hydrogen bond restraints were introduced in later rounds of structure calculations. Of a family of 100 structures generated in the final round, the 40 lowest-energy structures were refined in explicit water using xplor-nih, 33 from which the 20 lowest-energy structures were selected for final analysis. The quality of the structure ensemble was validated using the program PRO-CHECK-NMR. 34 
Coordinates
The atomic coordinates of the HSPC280 structure have been deposited in the Protein Data Bank under ID code 212O.
Conclusions
The solution structure of HSPC280 has a winged helix-like fold showing positively and negatively charged surfaces on the two sides of the protein structure. HSPC280 is not a genuine winged-helix protein. Unlike most winged-helix proteins and domains which show specific/nonspecific binding with DNA at pH 7.0, HSPC280 cannot interact with DNA. The presence of a hydrophobic surface patch that is conserved between HSPC280 and proteins in the Abra family implies that HSPC280 might be involved in protein-protein interactions and play a significant functional role.
